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that reponed for the delivery of TMV RNA into protoplasts by 
liposome uptabe®'® of electroporation. 

Using the panicle gun, DNA can be delivered into intact 
plantcells, and this can sesullin transient expression of a forergn 
gene. Tungsten mucroproyectiles were coated with plasaud 
(p3$S-CAT1" containing a gene that encodes chloraniphenicol 
aceivitransferase (CAT). These microprojectiles were used to 
bombard }-cm! seciions of A cepo epidermal tissue. fatracts 
from epidermal tissue bombarded with nucroprojecties coated 
with p3$S-CAT showed very high levels of CAT activity with 
most of the chloramphenical being converted to ts acctylaied 
densatives dunng the assay (Fig 3). Strong CAT activity was 
detected in extracis from as lite as a single Tecm* piece of 
bombarded epidermal tussue (~ 2.000 cells} whereas control 
issue showed neghpitle CAT aqiity 
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These findings indicate that panicle bombardment can be 
used to deliver RNA of DNA into large numbers of intacr plant 
cells simultaneously and that the foreign nuclei acids intro: 
duced by this process can subsequently be expressed The 
introducuon of DNA into A cepa epidermal tssue by the 
panicle bombardment process should be a useful tool for the 
study of transient expression of foreign nucleic acids in plant 
cells. The process does not require cell culture of the pretreat: 
ment of the recipient tissue in any way and only small quantities 
of DNA are needed (about Ol pg per treatment. Because the 
preparation of parucles and the tonibardment of ussue can be 
rapid, many nucleic acid samples can be lesied ina shon penod 
of ume. 

Panicle bombardment may eventually prove useful for the 
transformation of other plant speaes and may be of particular 
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Pig. 2 Relationship belwcen cell survival and the nuraber of 
miceoproje cities within a cell, Ban [solid tines), tora) cells: shaded 
pan of bar, diving cells Three t-cm? seciions Of A capo egudernial 
tissue weit bombarded as deseated in Fig 1. About 100 cells fron 
cach secon were analysed micsostopically for viability Ubased on 
the maintenance of cyioplasmit streanung) and the number of 
microprop ciles in these cells were COUNTEE. foata from the three 
secuons of tssur were pooled 


Table i The delivery of IMYV RNA to A cepa cells by acceleraied 
Microprox Cirle s 


Cells containing micropro ales: Froporion 


without with penetrated cells wath 

nal INclesiOns inclusions inclusion bodies (%) 
j 44 MM 43.6 
2 $5 35 29.2 
3 168 38 28 
4 Pe! 76 22.8 
bs 147 $2 76 1 
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A cepo epidermal cells eere scored for presence of TMV inclusion 
bodies following bonibardment with microprofectites to which TMV 
RNA has preveouily been adsorbed About $0 microscope Aelds (> 5004 
mete obsemed within a dcr? area of tissue for each thal. 

Metbods For adsorpion of RNA to the tungsten mocroprojcqules, 2 yl 
of a TMV RNA! solution (2 pg of RNA pet pl of distilled water) scre 
added to 18 pl of a suspension of tungsien mucroproxadles (10 mg of 
tungsten pet tal of distiNied water). The RNA was precipitatet By the 
addition of 7.$ pl of 0.25 M Ca, solution and the cesubing suspension 
was ceninfoged for 3G min al 13,00g The panicles were resuspended 
and 2ylol the suspeesion eas placed on the front surface of the nylon 
proxaie, Centnfegation bangs the RNA precipuate into close assocr- 
auon withthe bengsten surfaces and rooulus in uniform adsorption s hich 
canbe visualized by staining with the Guoresceni dye DA PI?’ Following 
bombardment the tissue was incubated for J days at 21%. 


value for those species that cannot be genetically engineered 
successfully with existing techniques. Although several delivery 
systems have been used to transfer genes into vanous dicotyle- 
donous plant speces' these techniques have not yet been 
useful for the producion of .whole, transformed plants of 
graminaceous species such as nce, wheat, of com. Although 
there is evidence that Agrobacitnum can transfer DNA to Zeo 
mays, Asparogus'’, Chlorophytum and Narcissws'’, the 
efhcient use of thts agent for the transfer of genes to Monocots 
may be hampered by the restricied host range of the bacterium’. 
Genes have been uransfened to protoplasts of the monocots 
Tnucum monococaim and Lolium muluflorum by incubation 
wath plasmid DNA? and to Zee mars’ and Orvia sanva'® by 
electroporation, but these techniques are resincixd by the 
difaculties of regenerating whole plants from protoplasts of most 
monocot species’. The panicle bombardment process should 
not sufier from tne host-range limitations of infectious agents 
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Fig. 3 CAT acuvity fron A cope epidermal tissue bombarded 
wath microproxeciiles coated with plassnid harbouring the CAT 
gene. Lane a, posieee control: a colony ef & coli carrying pRRIZS 
was sonicated in tml of bufer and ceainfuged at 16,000 for 
Smin. The supcenatant (10 pt) was wecé for the CAT assay. Lane 
bo untreated epidermal tssuc (1G pooled secuons); lane c, epider: 
rial tissue (IO pocied seceions) bombarded with naked micropro 
peciies, lane ¢, epidermal tissue (10 pooled sections) bombarded 
with microproxaies coated with pPUCTLS. Lane ¢, micioprojye cules 
iO pl of 2 suspension prepared as Seeenbed in the teat) were 
rubbed over the surface of cach of 10 sections of epidermal tissue 
which were pooled for the assay. Lane [-1, epidermal ussue (10 
sections pooled fot cach assay) bombarded with mucroprojeciiles 
costed with p3sS-CAT, lane jc epidermal trssuc fone secon for 
the assay) bombarded with p3$S-CAT. CAP, chloramphenicol, 
V.ACCAP and tACCAP, moncacetylatied forms of chloram- 
phenicol The plasmid (p3S$-CAT), which has been previously 
descrited’*, includes the following components: a 94) -Dasepai 
(bpl region including the 355 promoter from cavlifiower meosard 
virus??: a POG-bp region encoding the CAT aciivily’*; 2 700-dp 
region carrying the J noncoding sequences and the transcmption 
termination regton of the nbulose bisphosphate carboxylase pene 
and a denvative of the pUC13 plasmid in which the Hincll site 
was changed toa Clol site. The resulting construct is $.3 kilobases 
{hb} long. The plasmid p3SS-CAT was grown in Eschenchio colt 
iolaied by phenol eatraction, and punked by CsCethidsurmh 
bromide density-gradient centnfugation®. The microprojeciles 
mete coated by adding 10 pl of the plasmid DNA (1.0 pg of DNA 
per pl of TE bufler, PH 1.2} 10 100 pl ofa suspension of tungsien 
ricroprojeciiles (01g of tungsten per nil of disiitied water), The 
DNA was precipitated by the addition of 100 plofa CaCl, solution 
(2.5 My and 40 pl of a spermidine solution (free base, O.1 M). The 
resulliing suspension was centrifuged for 30 min at 13,000, A cepo 
epidermal tWssuc tt-cm" sections} as then bombarded sith the 
DNA-coaied microprosectiles (2 pl ofthe suspension placed in the 
nuddle of the front surface of the nyloa mactroprojecules. Assays 
of CAT activity sere performed on extracts prepared from tissue 
that had been incubating for } days following bombardment with 
the microproyeciiles Tissue crtraas were prepared by placing the 
epidermal sections in an Eppendorf tube (1.5m with 100 pl 
Trs-HCL (025 UM. gH 7.8) and grinding the ussue with a pellel 
pestle mizer (Kontes) CAT acuvaty in the cxtracis 625 deiernuned 
in 30-niin assays as previously reponed’*, except that the amount 
of “C -chloramphenicol was decreased to O.1 Ci per assay’. All 
the radioactivity in the Eppendort tube (~ 120,000 c_p m. tn each 
assay) was spotied on the thin-layer chromatography (TLC) plate 
(Chromagtam, Kodak) After resolubon of chloramphenicol and 
its acelylaled derivatives by chromatography, an autoradiogram 
()2-h exposure) was made Quantitative results were obtained by 
scantlation counung of separaied spo of chloramphenicol and 
us aceiviated demeatives, and the convemion calculated 


such as Agrohacterivm and the problems associated with systems 
that require regeneration of plants from protoplasts might be 
circumvented by bombarding regenerable tissues such as 
mensiems of embryogenic callus with DNA-beanng micropro 
jecules To accomplish this, the panicle bombardment process 
must be refined so that cells much smaller (10-20 pm) than 
those of A cepa epidermal Ussue can be penetrated by microple- 
jeaules. 

This work was suppored by grants from the Corel! Biotech- 
nology Program, the US Depanment of Agnculture, and the 
Rocicfeller Foundation. We thank N. Allen for input on the 
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design of the panicle gun and ils construction, Af. Zasthin and 
MoNishigucht for TMY KNA. and M. McCann for technical 
assistance with the CAT assays. 
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Determination of bacteriophage A tail 
length by a protein ruler 


Isso Katsura 


Dx panment of Biophysics and Biochemistry, Faculty of Scene, 
University of Tokyo, Hongo, Tohyo, Japan 


Semen Ne oom ta umm meee 


Hoe the slre apd shepe of Uving structures are determined by 
geectic informatiog is one of the fundamenial problems le biology. 
Here | describe @ study in ehich the size of a biclogical 
supragolecular sirecture was changed le a precicteble way by Ia 
tatro gepetics, with the size both before and after menipelatior 
beleg exscily delermined. ] have studied the tall ef becicnophage 
A, wbose length ts determiloed by the keegth of the ‘ruler protein’, 
the product of geoe NH. Tbe leogth of the tall cas be decreased or 
increased by deleting the middle part of geae H or by feroiing 8 
small duplication there, acd the fengib of the tall is proportional 
to the size of the proleio. These results can be regarded as a special 
case of protein eogivecring’, gamely supramolecular proteis 
eaginecriog. 

Previous work’ has shown thal some a mutants in ovo that 
have small in-frame deletions in gene H produce viable phage 
pamsctes sith a tail slightly shomer than wild-type. This proves 
that gene H determines the tail length and gives strong evidence 
for a scheme in which 1s product (abbreviated as gpH) is a 
ruler that measures length dumng tail assembly, The question 
arose from that work regarding the struciure-funaion relation. 
ship of gpH, which has at feast three functions: tail assembly, 
tail-length determination and DNA injection?. It alse led to 
interest in the relagionship between the length of gpH and the 
length of the tail, and whether its possible to change the tail 
length over a miuch wider range of sizes. 

In this study, deletion and duplication mutants in gene H of 
A phage were isolated in the following way. First, a fragment 
of A DNA containing gene H was clonedinthe plasmid pBR322 
(ref. 3). Then, eather a deletion (of one of a number of sizes) 
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Fig. 1 Production of deletion (del) and duplication (dup.) 


mutanuin gene Hols phage by in virco mutagenesis. @ Production 
af deletions in cloned gene #2 The Bell fragment (base numbers 
§,361-13,220°) of A DNA containing gene H was insened inio the 
Bomttl site of pER322 (ref. 3), where the direcuion of the a 
sequence in the hybnd plasmid was counterclockwise on the 
conventional map of pRRI27. Then il was cleaved ai the unique 
Apol site (hin the Rguce), digested to vanous extents with Balt 
exonucicase, and self-ligated with T4 DNA figase. 6, Production 
ofa duplication in cloned gene HH. The 5.$-hilobase (kb) fragment 
from the samt hybrid plasmid cleaved with Hpal (f} and Avol 
{A) and the 3.8-4b fragment from cleavage wath Pan dl CIE) and 
Avol were punfied by clenrophoresis tn an 0.2% agarose gel and 
poined together sith T4 ONA ligase. ¢ Introducuon of cloned 
gene A having a deletion of duphcauion mutsvon CH’) into the 4 
genome. Cells of EF cole HI9? pHa supf Cacius857 Sam?) were 
transformed sith the plasmids shown in @ and b using selection 
for ampicillin resistance (Ap’). (They were plaied with tryptone 
lopagaron LA plates with magnesium’ containing also $0 wg ml”! 
ampicillin and incubated for 24 har 32°C.) Because these plasmids, 
having the replication origin of ColEt’, cannot replicate mn E cots 
polA (ref 31), the transformants were those an which the plasmids 
wcte insened by homologous recombination into gene H of the A 
prophage tnght-hand lop row ofc). The efhaency of uansfonna- 
tion was about IC colonies per pg DNA The ampiailin-resistant 
lysogens were cultured itt M9A tmacdium’ and subscaed to heat 
inducuon of the prophage The 4 DNA having the plasmid inser- 
tions tatiop lefiin the second row of ¢} was too long to be packaged 
into aA phage panicles. The packaged DNA ceolecules were those 
from which the insened plasmids had been exased by homologous 
recombination, Through insernion and excision the wild-type gene cr 
H of the orginal 2 genome was replaced by the mutated gene Ny 
of the plasmids sith a ceriain probability. Therefore, the lysates «J 
contained both wild-type and H deletion (or duplication) phages “! 


{bottom iefi on the second tow of ¢}). EF col W33M Su” was vi 
lysogenized by these phages. Lysogens having the H deleuan oF © 
# duplication prophage sere distinguished from those having . 

ia ; ee f cr 
wild-lype prophage by (hear inability to produce aciive phage after V 
heat inducion. fr ts not compleiely eacluded that phages having C) 


a Ocletion of Guplicanon in gene H may form plaques, bet none 

of the phages of this study did so. (See ref 12 for detailed methods 

of genetic enginernng and cof 5 for the test of defecuve prophage 
mutant } 
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T. M. Kiein*, T. Gradzielt, M. E. Fromm, 
| Factors influencing the efficiency of DNA 


delivery into suspension culture cells of | 


Zea mays by the particle bombardment 
process were studied using a chimeric 
| gene coding for the production of B-gluc- 
uronidase. Two days following bombard- 
ment with plasmid-coated microprojec- 
tiles, expression of the B-glucuronidase 
| gene was detected with the synthetic sub- 
| strate . 5-bromo-4-chloro-3-indoy!-6-pb- 
| 








glucuronic acid, which, upon cleavage, 
forms a blue precipitate visually cetect- 
able within affected cells. The number of 
cells expressing B-glucuronidase was 
| about 30 times greater when the cells were 
| bombarded on a filter paper support than 
when they were bombarded while covered 
by liquid media without such a. support. 
The efficiency of gene delivery was also 
significantly affected by the velocity of the 
microprojectile and the number of micro- 
projectiles used for bombardment, and the 
concentration of CaCl, and spermidine 
used to adsorb DNA to the microprojec- 
tiles. In addition to cell cultures, the parti- 
cle bombardment process was also used to 
deliver the B-glucuronidase gene to intact 
cells on the surface of excised Z. mays 





embryos. The results indicate that celiv<- | 


ery by high-velocity micreprojectiles may 
be useful for the stable transformation of 
monocot species. 





@. roduction of whole, transformed plants of species 
) of the Graminae family has proven difficult, pri- 
marily because of the limitations of DNA-transfer 
Fm techniques and the problems associated with the 
regeneration of protoplasts to whole plants. Techniques 
such as electroporation’, direct DNA uptake®, hposome 
fusions, and microinjecuon* generally require the enzy- 
matic removal of cell walls. Although progress has been 
made toward regenerating protoplasts of rice’* and 
corn’, the efficiency of the process is still rather low and 
‘for most grain species successful regeneration has yet to 
be reported. Potential exists for the utilization of Agrobac- 
terium® and viruses® as vectors for the introducton of 
foreign nucleic acids to regenerable cells of cereal species 
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but as of vet such techniques have not vielded trans- 
formed plants. Therefore. the development of techniques. 
that can efficiently deliver DNA directly into intact cells 
and tissues possessing the potential for regeneration into 
whole plants would be beneficial for further progress 
toward the genetic transformation of the Graminae. In 
addiuon, such direct delivery techniques would be of 
value for the study of transient gene expression in various 
intact issues. 

We have previously shown that small tungsten particles 
can be accelerated to velociues that permit Uuheir penetra- 
uion of intact cells'*''. By coating these microprojectiles 
with DNA, they can be used as a means for the wansfer of 
foreign genetic maternal into intact cells and ussues. The 
utility of this biohsuc (biological ballistic) process has been 
demonstrated for DNA delivery to the muochondria!? 
and nucleus (S. Johnston, personal communication) of 


communicauion) of Chlamydomonas, epidermal ussue of 
Allium cepa, and suspension cultures of Zea mays'+. Some 
of the important parameters necessary for DNA delivery 
into Z. mays cells by microprojectiles have been deter- | 
mined using a chimeric gene coding for the production of 
chloramphenicol aceiviiransferase (CAT). For example, 
high levels of CAT expression were detected in suspen- 
sion cultures following bombardment with DNA-coated 
tungsten particles wih an average diameter of 1.2 pm but 
not with 0.6- or 2.4-~.m particles'4, Although CAT expres- 
sion was readily detected following bombardment with 
plasmid-bearing microprojectiles, it remains unclear as to 
the number and tvpe of cells that were actually expressing 
the foreign gene. In this report we emplov the particle 
bombardment process to deliver a chimeric B-glucuroni- 
dase (GUS) gene!>-'* into suspension cultures of Z. mays. A 
reaction product of the GUS enzyme can be detected 
histochemically using a synthetic substrate and therefore 
the number of cells that receive the foreign gene can be 
visually determined. Using this system. we have optimized 
some of the bombardment conditions (i.e., distance, de- 
gree of vacuum, quanuty of microprojectiles, etc.) that are 
criucal for the efhicient delivery of DNA by high-velocity 
microprojectiles. 


RESULTS AND DISCUSSION 

Delivery of GUS-encoding plasmid DNA. Initial at- 
tempts to deliver GUS-encoding plasmid DNA (pAl- 
;GusN) into intact BMS cells involved bombardment of 
suspension cells that were covered with a thin laver of 
liquid medium. The cells were thus bombarded without 
being anchored to the surface of the petri plate. Following 
bombardment with 1.2-pm microprojectiles, cells express- 
ing the GUS enzyme were observed after addition of the 
aruficial substrate. In some cases, a dense blue precipitate 
was observed throughout the interior of single cells (Fig. 
1A) and this precipitate was confined within the cell. In 
other cases, aggregates comprised of up to about 20 cells 
stained densely blue (Fig. 1B). The number of cells within 
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these aggregates that actually harbor the foreign gene is 
not known and there are several possible explanations for 
their formation. Each cell comprising an aggregate may 
have been penetraied and subsequently expressed the 
GUS gene. Alternatively, only one or several of the cells in 
the clump expressec the foreign gene, but these cells were 
expressing to such an extent that enzyme or reaction 
products diffused or leaked from the cells causing poor 
localization. Another possibility is that the enzyme, but not 
the GUS gene, was transferred to daughter cells upon 
division. Because the number of cells actually expressing 
the foreign gene within the aggregates is not clear. cach 
blue spot (whether an aggregate or a single cell) was 
considered as one expression unit. 

For cells bombarded in liquid medium, the mean num- 
ber of expression unis observed was 10.5 (n=10, &. 
E.=1.1, Range =0 to 32). None of the samples bombarded 
with naked microprojectiles or microprojecules coated 
with pUC8& (the vecior used to construct pAl,Gus} 
exhibued blue cells or cell aggregates. These results 
indicated that the GUS gene was delivered into intact 
maize cells by microprojectiles but the ¢eficiency of trans- 
fer was low (about | in 10°). 

Cell size. The size of cells expressing GUS activity 
following bombardment was examined to determine if 
small cells survive penetration by the microprojectiles. 
Previous research with the parucle gun indicated that the 
large epidermal cells of Alium cepa readily survive pene- 
tration by microprojecules'. A portion of the cells in the 
BMS suspension cultures are relatively large with dimen- 
sions of about 50 to 75 by 100 to 150 pm. Therefore there 
was a possibility that the CAT expression that Bed been 
previously observed in BMS suspension cultures!* was the. 
result of penetration of these very large cells. Observa- 
tions using the GUS marker indicate thar this is not the 
case. Although some large cells were stained blue, the cells 
expressing the GUS gene were typically ovoid in shape 
with’ diameiers of about 15 to 30 pm. These results 
indicate that survival of penetration is not limited to 
abnormally large cells and readily occurs in relatively 
small cell types. . 

Anchoring cells. Observation of the cells following 
bombardment indicated that a portion of the sample was 
lost due to dispersal caused by the impact of the micropro- 

jectile preparation on the suspension of cells. Since the 
cells that were Jost during bombardment might represent 
many of the cells that had been penetrated by the micro- 
projectiles, methods to anchor the cells during bombard- 
ment were investigated. A simple means of anchoring the 
cells involved the use of iter paper as a support to hold 
the cells in place. Not only did the fibers of the filter act to 
anchor the cells during bombardment but the subsequent 
incubation and staining of the cells could be performed 
directly on the filter paper. The importance of anchoring 
the cells during bombardment becomes apparent when 
the efficiency of gene delivery is monitored. For 10 
rephcates, an average of 323.3 expression units were 
observed (S. E.=71.6, Range=231 to 457), 30 umes great- 
er than was observed when the cells were bombarded 
directly in liquid medium. In the area of the filter where 
most of the penetration leading to expression occurred 
(about | cm), the frequency of gene delivery was about 
2x107°. This value assumes that the GUS-expressing 
aggregates are the result of penetration of only one cell. 
Controls bombarded with uncoated or pUC8-coated mi- 
croprojectiles did not yield blue cells. All subsequent 
experiments were performed with the filter paper sup- 


port. 


may influence “blow away” of cells were investigated. One 


Effect of microprojectile volume. Other factors that | 





such factor is the volume of microprojectile preparation 


that is loaded on the macroprojectile and which subse- 


| quently impacts the cells. An experiment was conducted 


to determine the optimal quantity of the DNA-micropro- 


jectile preparation that was loaded onto the leading face 


of the polyethylene macroprojectile (Fig. 2A). GUS 
expression was highest when relatively small volumies 
(1.25 er 2.5 pl) of the preparation were used. In this 
experiment, increasing the volume to 5.0 or 10.0 pl led to 
a drastic reduction in the number of expression units 
observed. The impact of the larger quantities clearly 
caused severe loss from the central zone of the filter 
paper. 


Effect of DNA quantity. The quantiv of DNA ad- 


sorbed to the microprajectiles was varied between 0.5 and 


&.0 pg of DNA per mg of tungsten (or between 39 and 
625 ng of DNA per bombardment, assuming that all of 
the added DNA is adsorbed to the microprojectiles) (Fig. 
2B). Over 100 expression units were detecied when bom- | 
bardments were carried out with as fitde as 0.5 pg of DNA 
per mg of tungsten (39 ng of DNA per bombardment). 
The greatest number of expression units was observed 
when 2.0 pg of DNA per mg of tungsten was used. 
increasing the quantity of DNA above 2.0 pg per pg 
tungsten did not result in the appearance of larger 
numbers of expression units. Relatively high concentra- 
tions of DNA resulted in severe aggregation of the micro- 
projectiles and the resulung aggregates were not readily 
dispersed by sonication. Large aggregates of microprojec- 
tiles apparently were not effective for DNA delivery. 
Effect of CaCl, and spermidine. The concentration of- 
CaCl, and spermidine that was used to precipitate DNA to 


. the surface of the microprojectiles influenced the efficien- 








RACE TA. Micrograph of a GUS-expressing BMS cell follow- 
ing bombardment with plasmid-coated microprojectiles, incu- 
bation for 48 hours, and treatment with a substrate whose 
product can be visually detected. B. An aggregate of about 10 
cells that stained blue following bombardment (bar=20 jm). 


TREE 1 The influence of quanti and size of the microprojec- 
ules used for bombardment on the appearance of cell aggre- 
gaies that stained blue following treatment with the svnthetic 
substrate. P 








Diameter of microprojectiles (42m) 











Quantity of 0.6 1.2 2.4 
tmicroprojectiles (Proportion of aggregates as % 
(rei) of total expression units) 

3.1 ND! 1.0 ND 

6.2 0 1.2 0 

15.6 0 24 a 

Dh. 0 5.4 5.9 

46.8 0 7.9 4.5 

62.5 . 0 5.5 7.8 

78.1 ND 12.0 “D 





‘Not determined. 
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j cv of DNA delivery. Eliminating CaCl; from the tungsten 
| DNA preparation resulied-in poor DNA delivery sll 
| average of only 3 expression units per weatment (Fig. 2C). 
Bombardment with microprojectiles. prepared in (12 M 
CaCl; vielded about a 10 fold increase in the number of 
expression units. Delivery of the GUS plasmid was highest 
when CaCl: concentrations were between 0.24 and 1.9 M. 
increasing the concentration to 2.4 M resulted in a decline 
in the number of expression units that were observed. 
The addition of spermidine to the DNA-tungsien prepa- 
ration also had a marked effect on DNA delivery (Fig. 
2D). Relatively few expression units were observed when 
the concentration of spermidine was 1.53 mM OF lower. At 
spermidine concentrations berween 7.69 and 76.9 mM the 
number of expression units observed was between 100 
and 300. Other methods for binding DNA to the micro- 
projectiles should be investigated since it may be possible 
to further optimize this parameter. It is apparent that 
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2 The influence of several bombardment variables on 


the transient expression of B-glucuronidase in BMS cell 


cultures. A. Effect of the volume of the rungsten-DNA prepa- 
ration placed loaded on the face of the macroprojectile. B. 
Influence of the quantity of DNA adsorbed w 1.2-:m micro- 
projectiles. C. Infiuence of the concentration of CaCl. used in 
the adsorption of DNA to the microprojectiles. D. Influence 
of the concentration of spermidine used in the adsorption of 
DNA to the microprojectiles. E. Effect of particle size and the 
quantity of particles used for bombardment. 
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adsorption of the DNA directh to the surface of the 
microprojectiles is necessary for efficient DNA delivery. 
The precipitation procedure may also be of importance 
since the condensed material mav be less susceptible to 
degradation bv intracellular nucleases. lt also scems ap- 
parent that rates of desorption of the introduced DNA 
should influence subsequent expression. Desorption with- 
in the cell mav be influenced by the manner in which 
DX A is adsorbed to the niicroprojectiles. 

Optimal number and size of micreprojectiles. An 
experiment was performed to determine the optumal 
quanuty and size of microprojectiles used for the bom- 
bardment of BMS cells. In this experiment the volume of 
the microprojectile-DNA preparation used to bombard 
the cells was kept constant at 2.5 pi. Figure YE shows the 
number of expression units that were observed following 
bombardment with different quantities of pAl,GusN- 
coated microprojectiles with diameters of either U.6. 1.2, 
or 2.4 pm. Over 500 expression units were observed when 
bombardment was performed with DNA-tungsten prepa- 
rations containing between about 30 to 60 py of the 1.2- 
ym particles per pl. Bombardment with either smaller or 
larger quantities resulted in the appearance of fewer 
expression units. Microprojeciles with an average diame- 
ter of 0.6 or 2.4 pm were less efhcient for gene delivery 
than the 1.2-ym microprojectiles. For the 2.4-pm miicro- 
projecules, the highest number of expression units 
(163214) was observed when the concentration of tung 
sien was 62.5 pg per pl. Decreasing the quantity of 2.4-pm 
microprojectiles below 62.5 py per pl resulted in the 
appearance of relatively few expression units. Only | to 17 
expression units were observed following bombardment 
with 0.6-4m microprojectiles. These results ure in general 
agreement with previous work using the CAT marker 
with BMS cell cultures!', although CAT expression was 
below detectable limits when bombardments-were carried 
out with 0.6- or 2.4-y.m microprojectiles. Small differences 
(ie., O.1-0.2 pm) in diameter should inHuence the abilitv 
of the microprojectile to penetrate cell walls and mem- 
branes. Therefore it is likely chat we have not vet deter- 
mined the optimal microprojecule size for DNA delivery. 
Such a determination must await the production of more 
uniformly sized powders with precisely controlled diame- 
ters. 

The area of the filter paper over which expression units 
appeared tended to increase with increasing quantities of 
1.2-~m = microprojectiles. Very high quantities (about 
20 to 80 pg per pl of microprojectiles resulted in a 
broader coverage, but created a zone of dead cells in the 
center of the filter caused by the impact of an excess of 
microprojectiles. Akthough Alinon cepa epidermal cells can 
survive penetration by many microprojectiles™. it is not 
clear how many penetration events can be tolerated by 
smaller cell types such as those found'in the BMS suspen- 
sion cultures. 

The frequency of cell aggregates versus single cells that 
stained blue was not constant between treatments and 
depended on the number of microprojectiles used to 
bombard the sample. Expression units were considered as 
aggregates only if all the cells of the aggregate were 
stained to an equal intensity and were comprised of at 
least 5 cells. Only 1 per cent of the expression units 
occurred as aggregates when the concentration of 1.2-".m 
microprojectiles was 3 pg per pl (Table 1). This propor- 
tion tended to increase with the use of larger numbers of 
microprojectiles. For example, 12 per cent of the expres- 
sion units appeared as aggregates when the microprojec- 
ule concentration was 78 pg per pl. A similar trend was 
observed with the 2.4-pm microprojectiles. Only single. 
isolated blue cells- were observed when bombardments 
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were conducted with the 0.6-pmi microprojectiles. - 

We feel that the uniformly stained GUS-expressing 
aggregates were probably not the-result of poor localiza- 
tion of the enzyme OF reaction product since the blue color 
in these cases was often confined within the Gensel 

stained cells. In addidon, cells adjacent to the GUS- 
expressing aggregates were often nat stained. These re- 
sulis suggest that each of the cells within the GUS- 
expressing aggregates received the foreign gene and that 
the likelihood that such closely shuated penetrations occur 
increases with the impact ofiarger numbers of micropro- 
jectiles. 1f each of the cells within the cell aggregates are 
expressing the GUS gene, it suggests that the-microprajec- 
tiles impact the target Ussue as small dispersed clumps. It 
also suggests that the tendency for the microprojeciiles to 
be accelerated as diffuse clumps increases as more micro- 
projectiles are used. Such a nonuniform or clustered 
dispersion patiern Is apparent when the pattern of micro- 
projectile impact is observed on filer paper that was 
bombarded without celis. 

Effects of vacuum and distance. Parameters that influ- 
enced the velocity of the microprojectiles affected their 
ability to deliver DNA. One such factor ts the degree of 
vacuum in the sample chamber during bombardment 





wa *. 


(Fig. 3A). The largest numbers of expression units were’ 
observed at the highest vacttuth tested (28 in. of Hg). The 
number of cells expressing the foreign gene drapped 
dramatically when the vacuum wis helaw 26 in, of Hg 
with onlv a few blue spots being observed in the absende af 
a vacuum. The increase in efficiency with increasing 
vacuum Is probably due to the reduction of air resist ince 
that both the macroprojectile and niicroprojectiles en- 
counter, thereby increasing their velocity. The increased 
velocity of the nucreprojecuiles results in greater efficiency 
of penetration of cell walls and memibranes. 
Figure 3B shows the mfluence of distance between the 
-celis- being bombarded and the stopping plate at the end 
of the particle gun. Highest numbers of expression units 
were observed when the sample was 6@ cm front the 
stopping plate. The number of expression anits decreased 
as the distance beiween the cells andl particle accelerator | 
was increased. Relatively few expression units were detect- 
ed when samples were bombarded ata distance of 17 cn. 
These results are not surprising since the micraprojectile’s 
final velocity is related to air resistance. Vhe deceleration 
of the microprojectile that is Gutased by. air resistance 
increases as distance is increased. 
Delivery of GUS-encoding plasmid DNA to immature 

embryos of Z. muys. In addition to the bombardment of 
ussue Culture cells, we havé used the particle gun to 


ac deliver GUS encoding plasmid ta the surface cells af 
immature embrvas of Z. ways (Fig. 4). After houtbardment 
i with ].2-pm microprojectiles and treatment with che GUS 
2 om substrate. up to 23 blue spats could be visualizedd on the 
5 scutellum with the aid of a dissecting nticroscape. I hese 
F ce . relatively large blue spots were dearh the result of diffu- 
i sion from a densely stained central cell. Some of the blue 
ma 3 a s . spots arose irom the penetration of cells boor 2 hwers 
emeneone: below the surface: GUS expression in these causes led to 
the appearance of spherical blue spots localized below the 
surface of the scutellum. Penetration of several cell luvers 
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of an intact ussue by microprojectiles has been presioush 
observed in A. cepa bulb tissue." In addition to the harge 
blue spots observed with the dissec ting scope. many cabout 
30 to 50) single cells expressing the GUS wene could be 
observed under higher magnification. Vhese results indi- 
cate that the parucle bombardment process cun be used 
for gene delivery to plant cells with diameters of about 10 


ae ‘0 “« um, a size more typical of celly dhat have potential for 
regeneration, Because embrvos and embrvegenic callus 
p08 2A. The influence of the degree of vacuum in the can be generated from the surface of maize scutellum®, 


sample chamber during miroprojertile acceleration on the 
transient expression of the GUS gene in BMS cells. B. Effect 
of the distance between the siopping plate and target cells on 


the delivery of the GUS gene. 
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I. VASSRORCE 


Fees 4GUS expression on the surface of the scutellum of a 
maize embryo. The blue spots visualized with a dissecting 
microscope generally represented expression of a single cen: 
iral cell with staining being less intense in a radial arrange- 
ment away from the central cell (bar=0.5 mm). 


this ussue will be a prime target far future avempt ta 
deliver selectable markers with the particle gun. Addition- 
ally, the ubiluy to deliver DNA to lth and presumably 
other intact tissues should aid in the study af tissue 
specific gene expression. 

Recent results (manuscript in preparation) indicate that 
stably transformed cultures of maize and tobacco can be 
recovered by gene transfer with microprojectiles using the 
opumized parameters that are detailed in the present 
study. Our finding that small as well as large cells survive 
penetration as indicated by expression of the transferred 
GUS gene suggests that small embrvogenic cells should be 
capable of continued division. Coupled with continued 
improvements in the efficiency of the particle bombard- 
ment process, this gives us reason to helieve that stable 


transformation leading to the recovery of whole plants is 
possible. 


EXPERIMENTAL PROTOCOL 

Plasmids and ar material, The 6.5 kb plasmid pAl'GusN 
consists of the alcohol dehydrogenase 1 promoter, a fragment 
from intron | of the Adh } gene!®, a GUS coding region", and 
the nopaline svnthase polvadenvlation region inserted into 
pUC8. Suspension cultures of Zea mays cv. Black Mexican Sweet 
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